Purpose: To determine if adaptive optics (AO) flood illumination imaging can detect subclinical changes in 4 cases of posterior uveitis affecting the outer retina. Observations: In all 4 cases, the affected eye showed altered areas in the photoreceptor mosaic on AO that corresponded to changes on other imaging modalities. Abnormalities not apparent on other imaging modalities were also noted. In one case of multifocal choroiditis with acute outer retinal atrophy, AO revealed decreased visualization of photoreceptors in the unaffected eye that was not noted on spectral domain-optical coherence tomography. In the patient with multiple evanescent white dot syndrome, focal photoreceptor abnormalities were more apparent on AO compared to other imaging modalities, and these areas normalized on AO during follow-up. Five weeks after initiation of high dose prednisone and azathioprine in a patient with serpiginous choroidopathy, AO images showed recovery in apparent parafoveal cone density. Conclusions and importance: AO detects subclinical changes in the photoreceptor layer in posterior uveitis that can recover over time. AO may be useful in following outer retinal inflammatory conditions.
Introduction
Posterior uveitis (PU) encompasses a heterogeneous group of disorders with a predominant site of intraocular inflammation located in the retina or choroid. Spectral domain optical coherence tomography (SD-OCT) and fundus autofluorescence (FAF) have allowed non-invasive in vivo imaging that is able to distinguish and localize abnormalities in the outer retina and RPE in many cases of posterior uveitis. Studies showing the utility of multi-modal imaging in posterior uveitis have been growing in number [1e10] .
Adaptive optics (AO) has been used to study a variety of retinal conditions including the normal cone mosaic, acquired and inherited retinal disorders, and color deficiencies [11e17] . There are few case reports and one larger series of AO use in uveitis [2,18e22] . With the exception of the larger case series and one case report utilizing AO-OCT, most case reports utilize custom-built AO-scanning laser ophthalmoscopy (SLO) systems and showed photoreceptor abnormalities in the diseased eye, but to our knowledge seldomly demonstrated improvements in these changes after treatment or time. In our study, we demonstrate the ability of a commercially available AO flood-illuminated camera to document alterations in the parafoveal cones in posterior uveitis, including subclinical changes not seen on other commonly used imaging modalities, and reversibility of these AO abnormalities in some cases.
Methods
This research was approved by the Institutional Review Board of the Oregon Health & Science University and adhered to the tenets of the Declaration of Helsinki. All subjects signed an informed consent after the nature and possible consequences of the study were explained. Permission was obtained to publish personal information such as age, gender, and ethnicity.
Both eyes of 4 sequentially recruited subjects with posterior uveitis were imaged using the Rtx1 AO camera (Imagine Eyes, Orsay, France). Exclusion criteria included patients with opacification of the ocular media, subjects that had uncontrolled nystagmus, trembling, or movements of the eyes and/or head that prevented target fixation, or incapacity to maintain a stable position while seated. Both eyes were dilated with 1% phenylephrine and 2.5% mydriacyl prior to each imaging session. The same technician conducted all imaging sessions in the study.
The scanning protocol consisted of a series of 25, 4⁰ Â 4⁰ images with 40 raw images at each point, acquired with 50% overlap between adjacent images, then automatically registered and combined to reduce noise and enhance image quality using vendorprovided software (ck_v0_1b, Imagine Eyes, Orsay, France) to cover a 12⁰ Â 12⁰ field of central macula. Automated cone identification was performed using a custom algorithm developed in MATLAB (Mathworks, Natick, MA, USA), and Voronoi cone density maps produced as previously described [23] . Because Rtx1 is unable to detect individual cones at the fovea where the inter-cone spacing is smaller than the spatial resolution, cone density maps in this study have a gray oval to mask these areas [23] . Because inflammation can potentially change the reflective properties of a cone below the threshold of detection on the cone density map, we used the term "decreased apparent cone density" to illustrate the fact that rather than disappearing, the cones may have diminished wave-guiding ability. AO images were compared to corresponding areas from other imaging modalities including fundus images (Optos 200TX, Scotland, UK), FAF (Optos 200TX), infrared photography (IR) (Spectralis, Heidelberg, Germany), fluorescein angiography (FA) (Optos 200TX), and SD-OCT (Spectralis), when obtained for clinical purposes.
Findings

Case report 1
A 60 year-old Caucasian woman presented with an acutely enlarging scotoma in the left eye. Her corrected visual acuity was 20/20 in both eyes. Examination revealed outer retinal lesions emanating in a serpentine fashion from the optic nerve OS (Fig. 1C ). There were no anterior chamber cells, few anterior vitreous cells, and characteristic fluorescein angiographic findings with early hypofluorescence and late hyperfluorescence most prominent at the edges of lesions (Fig. 1D,E) . After tests for infectious etiologies including syphilis and tuberculosis came back negative, the patient was diagnosed with serpiginous choroidopathy. AO imaging at the initial visit of the symptomatic left eye illustrated a significant area of decreased cone visualization in the nasal macula corresponding to locations of ellipsoid zone (EZ) or inner segment-outer segment junction (IS/OS) disruption seen on SD-OCT and hyperautofluorescence on FAF (Figs. 1F, H and 2B ). The transition from normal to abnormal cone reflectivity on AO is shown as a magnified AO inset in Fig. 1G , and corresponds to the transition of abnormal to normal EZ and ELM reflectivity on SD-OCT in Fig. 1H . Additionally, the AO cone density map revealed an overall apparent depression in the parafoveal area compared to normal subjects (example of normal subject shown in Fig. 1A, B) , in both eyes that was not represented by any evident SD-OCT or FAF abnormalities (Fig. 2) . Five weeks after initiating prednisone and azathioprine, the patient symptomatically improved and AO images in the left eye showed persistent areas of decreased cone visualization in the nasal macula that corresponded to the EZ abnormalities on SD-OCT and was represented by initial hyperautofluorescence on FAF (Fig. 2B,J,L) . Persistent AO abnormalities appeared to correspond to areas of external limiting membrane (ELM) disruption on SD-OCT (dotted arrow, Fig. 2F,J) . As shown in the figure, cones in the nasal region remained at low density (from 4451 cones/mm 2 to 5170 cones/ mm 2 ) before and after treatment. The parafoveal apparent cone density, however, showed a recovery in both eyes, suggesting that AO may identify abnormalities in the photoreceptors not seen on SD-OCT, which can recover with treatment ( Fig. 2EeJ ). For instance, despite the minimal improvement in nasal regional cone density, parafoveal cone densities showed a dramatic improvement from 15,847 cones/mm 2 to 21, 979 cones/mm 2 ( Fig presentation) were lower since that area contained a greater proportion of the active area.
Case report 2
A 17 year-old Caucasian emmetropic woman presented with photopsias and small scotomas OD. Her uncorrected visual acuity was 20/20 in both eyes. Fundus examination revealed multifocal small outer retinal lesions in the peripapillary and macular distribution OD, and a normal left eye. FAF showed multifocal hyperautofluorescent lesions (Fig. 3) , and FA showed multifocal nonleaking hyperfluorescent lesions in the macula and surrounding the optic nerve, some of which appeared to form a wreath-like configuration suggesting a diagnosis of MEWDS (Fig. S1) . SD-OCT, FAF, and AO images in the left eye were normal.
AO images demonstrated distinct multifocal ovoid areas of decreased photoreceptor visualization and decreased apparent cone density in the right macula (Fig. 3A2) while the AO images were normal in the left eye (Fig. S1 ). These areas were more apparent on the AO cone density map than were indicated by areas of EZ hyporeflectivity on SD-OCT and by hyperautofluorescence on FAF (Fig. 3A) . Repeat AO images taken three weeks later, after one week of oral prednisone which was initiated after peripheral and macular progression of the lesions, and then again, after 7 weeks, showed progressive recovery in apparent cone density, which corresponded to normalization in both the FAF and in the photoreceptor inner segment ellipsoid layer on SD-OCT (Fig. 4BeG) .
Case report 3
A 34-year old Caucasian woman with moderate myopia (À2.75 OU) presented with decreased vision in the right eye and asymptomatic left eye. The visual acuity was 20/20 in both eyes until she awoke one morning with sudden vision loss to hand motions in the right eye. Examination revealed multifocal outer retinal lesions (Fig. 4A) . She had no anterior chamber or vitreous cell in either eye. FAF demonstrated a diffuse area of hyperautofluorescence in the right macula and peripapillary area with satellite lesions of hyperautofluorescence (Fig. 4B) . Hypoautofluorescent spots in the temporal and inferotemporal macula corresponded to the retinal lesions seen on examination (Fig. 4B) . SD-OCT scans showed macular disruption of the EZ and ELM in the right macula (Fig. 4E) . FA, FAF, and SD-OCT (Fig. 4F) imaging were normal in the left eye and her vision remained 20/20 in this eye. The overall findings in this case suggested a most likely diagnosis of multifocal choroiditis with an AZOOR-like acute outer retinal atrophy of the right eye [24, 25] .
The AO cone density maps demonstrated an apparent diffuse decrease in cone density greatest in the temporal macula (Fig. 4C) . Because of the patient's dense central scotoma, the technician noted decreased fixation in the right eye during image acquisition, which led to decreased uniformity in the montage and cone density map in Fig. 4 . Surprisingly, AO images in the asymptomatic left eye in which the patient had good fixation with 20/20 visual acuity, revealed an abnormal cone density map showing a diffuse decrease in apparent parafoveal cone density in contrast to her normal fundus appearance, normal SD-OCT, and FAF (Fig. 4F) . Initially, full field ERG showed mild cone and rod dysfunction in the right eye and only mildly decreased amplitudes in photopic 30 Hz flicker in the asymptomatic left eye. However, the multifocal ERG showed a marked decrease in amplitudes and prolonged implicit times in the right eye and low-normal responses in the multifocal ERG in the asymptomatic left eye.
After treatment with high dose prednisone, the visual acuity in the right eye improved to 20/400, and there was no change in the AO images of the right eye (not shown). Interestingly, the parafoveal cone mosaic of the left eye also remained unchanged, with persistent areas of decreased cone visualization (Fig. 4GeI) . Repeat full field ERG showed similar findings to the initial test in both eyes, but the multifocal ERG in the asymptomatic left eye was slightly worse compared to the initial test, suggesting that the AO abnormalities may, in some cases, precede consistently altered multifocal ERG responses.
Case report 4
A 29-year old woman who was admitted to the hospital for severe headaches and arthralgias presented with acute vision loss to 20/300 in the right eye and asymptomatic 20/20 left eye. She had extensive ancillary testing and neuroimaging that was unremarkable except for cerebral spinal fluid lymphocytosis. All testing for known infectious or systemic inflammatory conditions was negative. She began treatment with high dose corticosteroids for presumed aseptic meningitis and possible neuroretinitis. While on a prednisone taper from 60 to 50 mg, she developed new visual symptoms with the appearance of multifocal subretinal lesions in the right eye. Her visual acuity at this time had improved to 20/60 in the right eye and remained 20/20 in the left. She reported a persistent central scotoma in the right eye. On examination, multiple outer retinal yellowish lesions were seen in the posterior pole (Fig. 5A ) which appeared hyperautofluorescent on FAF (Fig. 5B ). An area of mild hypoautofluorescence with a hyperautofluorescent border was noted on FAF (Fig. 5B) . SD-OCT showed a distinct area of EZ disruption in the right nasal macula (Fig. 5C1 ), corresponding to a well-demarcated area highlighted on infrared imaging (Fig. 5E ). This patient was also diagnosed with multifocal choroiditis with an AZOOR-like acute outer retinal atrophy [24, 25] .
AO images taken 9 days after starting high dose prednisone showed a diffuse area of decreased cone visualization (Fig. 5C1e3) , and decreased apparent cone density in the nasal macula that corresponded with the appearance seen on infrared photography (Fig. 5E,F) in the right eye. AO images obtained 6 weeks later, after initiating azathioprine and tapering prednisone to 60 mg, illustrated a persistent but stable area of decreased cone visualization on the AO montages in the nasal macula of the right eye (Fig. 5D1e3) . AO images of the left eye were normal at initial and follow up visits (Fig. S2) .
Discussion
The AO flood illumination camera revealed decreased cone visualization and decreased apparent cone densities in four cases of posterior uveitis. Our software identifies cones through a maximum threshold level of reflectivity. A decrease in the cone density map could therefore correspond to a disappearance of cones or a decrease in cone reflectivity due to a variety of causes [26] . In our study, these AO patterns corresponded to visual symptoms in some patients, but not in others. We postulate that AO cone reflectivity may be a measure of disruption of the outer segment structure rather than cell death since there was recovery of non-wave guiding to wave guiding cones in some cases. More studies looking at cone reflective properties are warranted for better localization and a clearer understanding of the underlying etiology of observed abnormalities on AO imaging.
Case report 1 provides unique findings in serpiginous choroiditis. Acute lesions are thought to occur predominantly in the RPE and choroicapillaris in serpiginous choroiditis with progressive atrophy extending into the outer retina as the acute lesions clear [27] . AO images in our case correspond to this clinical pattern with persistent areas of decreased cone visualization in areas of persistent ELM and EZ disruption on SD-OCT. Another novel finding was the loss of apparent parafoveal cone density in both eyes despite 20/20 vision, which recovered to normal after treatment. SD-OCT appeared normal in these areas suggesting that AO may not always correlate with SD-OCT findings. Case report 2 is unique in its documentation of the recovery of photoreceptor abnormalities by AO in MEWDS. AO recovery corresponded to resolution of subjective scotomas, suggesting a correlation between the altered reflectance patterns and visual function in this case. The outer retina and RPE layers have been the postulated sites of pathology in MEWDS based on previous reports using SD-OCT and FAF [5, 6, 9, 28] . The abnormal AO images seen in our case supports the notion of photoreceptor outer segment involvement as the predominant site of disease in MEWDS, as changes were most apparent on AO images. Our findings correspond to the previous case reports of AO in MEWDS, which also reported altered photoreceptor imaging [2, 22] .
Case reports 3 and 4 had vision loss out of proportion to exam findings. AO in conjunction with SD-OCT highlighted photoreceptor disruption that accounted for the severe central vision loss. Abnormal AO findings in the symptomatic eye in Case 3 was associated with an abnormal full field ERG, supporting the theory that AO abnormalities may correlate with decreased photoreceptor function. Case report 3 also showed a decrease in apparent cone density in the contralateral asymptomatic eye despite no identifiable risk factors for decreased image quality in this eye. Although unknown risk factors affecting image quality may exist, the worsening multifocal ERG and persistent AO abnormalities upon repeat testing in the asymptomatic left eye supports the notion that the AO findings were true abnormalities, and may in this case be more sensitive than multifocal ERG testing in detecting subclinical change.
As this series included a small number of heterogeneous posterior uveitides, limitations exist in estimating the reliability and reproducibility of AO patterns seen within each case and clinical entity. A potential learning curve in patient fixation may affect image quality and cone density measurements at subsequent imaging sessions. Repeatability measurements among a normative database collected under the same study protocol had an average coefficient of variation in cone densities of less than 2% between AO imaging sessions [23] . The improvement in apparent parafoveal cone density in Case 1 and 2 after treatment appear to be much higher than this average variability, suggesting true recovery, rather than improvements from learning. Cases 3 and 4 also suggest reliable findings since there were reproducible areas of disrupted photoreceptor visualization upon subsequent AO imaging.
A prospective series by Agarwal and colleagues in posterior uveitides also used AO flood illumination imaging to demonstrate decreased cone densities in active lesions [21] . In their study, there appeared to be an association between cone density and the active or inactive state, although the difference was not statistically significant, likely due to the heterogeneity of diseases included. Our study also included 4 heterogeneous types of posterior uveitis, and the individual cases presented here highlight how 4 different conditions can have very disparate AO abnormalities at initial presentation and throughout the course of the disease.
Conclusions
This study demonstrates that a flood illuminated AO camera is able to delineate subclinical photoreceptor abnormalities in posterior uveitis affecting the outer retina. As additional patients with these entities are imaged longitudinally, adaptive optics may prove to be useful in providing a better understanding of disease progression, in identifying possible prognostic factors, and in following response to treatment.
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